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ABSTRACT 

The Space S h u t t l e  r e p r e s e n t s  a s u b s t a n t i a l  advance- 
ment i n  s p a c e c r a f t  and launch v e h i c l e  des ign .  New systems 
w i l l  have t o  be developed and advances w i l l  have t o  be made 
t o  t h e  s t a t e - o f - t h e - a r t  i n  many technology areas t o  m e e t  t h e  
g o a l  of l o w  r e c u r r i n g  c o s t .  Better unders tanding  w i l l  be  
r e q u i r e d  of aerodynamics and s t r u c t u r a l  s c a l i n g  e f f e c t s  a s  
w e l l  as material  p r o p e r t i e s .  Also, t h e  a l lowab le  l e v e l  of 
deg rada t ion  f o r  systems r e u s e  w i l l  have t o  be determined,  
and f a i l u r e  d e t e c t i o n  techniques developed. 

This  memorandum addresses  s o m e  of t h e  major 
technology i s s u e s  a s s o c i a t e d  with t h e  Space S h u t t l e  develop- 
ment  w i th  t h e  i n t e n t i o n  of sugges t ing  a r e a s  which r e q u i r e  
concen t r a t ed  e f f o r t .  / 
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INTRODUCTION 

The Space S h u t t l e ,  as c u r r e n t l y  conceived,  i s  a 
r e u s a b l e ,  two-stage round t r i p  t o  e a r t h  o r b i t  t r a n s p o r t a t i o n  
sys tem c o n s i s t i n g  of a b o o s t e r  and an o r b i t e r .  The two-stage 
sys tem w i l l  d e l i v e r  a t o t a l  weight  t o  e a r t h  o r b i t  (270 nm, 
5.5' i n c . )  somewhere around 250,000 pounds, c o n s i s t i n g  of  a 
d i s c r e t i o n a r y  payload of 5 0 , 0 0 0  pounds and a r e u s a b l e  o r b i t e r  
v e h i c l e  of  abou t  200,000 pounds. The t o t a l  impulse AV f o r  
t h e  mis s ion  would be n e a r l y  32,000 f p s ,  i n c l u d i n g  o n - o r b i t  and 
d e o r b i t  maneuvers. Some i d e a  of t h e  magnitude of  t h i s  t a s k  
can be  o b t a i n e d  from n o t i n g  t h a t  t h e  t h r e e - s t a g e  S a t u r n  V 
does n o t  have t h e  c a p a b i l i t y  of i m p a r t i n g  an  impulse AV of 
32,000 f p s  t o  a weight  of 250,000 pounds. A s  a r e s u l t  of  
t h i s  r e l a t i v e l y  l a r g e  impulse AV and l a r g e  i n e r t  weight  of 
t h e  o rb i t e r ,  t h e  Space S h u t t l e  performance w i l l  be  v e r y  sen- 
s i t i v e  t o  i n e r t  weight  growth of t h e  s t r u c t u r e  and systems 
d u r i n g  development, and any engine  performance degrada t ion .  

S i n c e  t h e  o r b i t e r  i n e r t  we igh t  w i l l  be  around 4 t o  
5 t i m e s  t h e  payload weight ,  and i n  t h e  o r b i t e r  s t a g e  t h e  
payload  and i n e r t  weights  a r e  t r a d e d  pound f o r  pound, f rac-  
t i o n a l  i n c r e a s e s  i n  t h e  o r b i t e r  s t r u c t u r a l  weight  w i l l  be 
a m p l i f i e d  i n  payload r educ t ions .  Th i s  e f f e c t  i s  p a r t i c u l a r l y  
s i g n i f i c a n t  s i n c e  over  9 0 %  of t h e  o r b i t e r  d r y  (or  i n e r t )  
we igh t  i s  due t o  some form of s t r u c t u r e  and ove r  30% of  t h a t  
i s  the rma l  p r o t e c t i o n .  Only a 1 m i l  i n c r e a s e  i n  o u t e r  s k i n  
t h i c k n e s s  of  t h e  o r b i t e r  ( cons ide r ing  a me ta l l i c  h e a t s h i e l d ) ,  
as a n  example, would e q u a l  about  700 pounds o f  payload.  
(Wr i t ing  pape r  i s  2 t o  3 m i l s  t h i c k . )  

The e f f ec t  of t h i s  s e n s i t i v i t y  i s  f u r t h e r  i l l u s -  
t r a t e d  i n  pa rame t r i c  form on Figure  1. The c h a r t  on F igu re  
1 p r e s e n t s  t h e  p e r c e n t  change i n  t h e  Space S h u t t l e  nominal 
payload  (payload s e n s i t i v i t y )  due t o  a p e r c e n t  change i n  
t h e  s t a g e  i n e r t  weight  and a pe rcen t . change  i n  t h e  s p e c i f i c  
impulse  ( I s p )  of  t h e  eng ines .  The s e n s i t i v i t y  t o  I s p  i s  
p l o t t e d  on t h e  o r d i n a t e  and t h e  s e n s i t i v i t y  t o  i n e r t  weight  
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i s  p l o t t e d  on t h e  a b s c i s s a .  The d a t a  bands i n  F igure  1 
r e f l e c t  d i f f e r e n c e s  i n  des ign  assumptions and s t a g i n g  
v e l o c i t y  f o r  t h e  two s t a g e  Space S h u t t l e  d a t a  p re sen ted  i n  
References 1 and 2 .  For t h e  purposes of comparison, payload 
s e n s i t i v i t y  f o r  t h e  s t a g e s  of t h e  S a t u r n  V (SIVB, S I I ,  S I C )  
i s  a lso inc luded .  T h e  payload of t h e  Sa tu rn  V,  i n  t h i s  case, 
i s  t aken  t o  be t h e  Trans lunar  i n j e c t i o n  payload of a t y p i c a l  
l u n a r  mission.  

I n  f i g u r e  1 it i s  assumed t h a t  one s t a g e  o r  t h e  
o t h e r  expe r i ences  t h e  degrada t ion .  I f  both  s t a g e s  do, t h e  
combined e f f e c t  would be l a r g e r .  The main p o i n t  of these 
c h a r t s  is  t o  emphasize t h a t  t h e  Space S h u t t l e  v e h i c l e  r e p r e -  
s e n t s  a s e n s i t i v e  system wi th  t i g h t  margins ,  and t h a t  t h e  
development of many new subsystems t o  m e e t  h igh  performance 
and r e u s a b i l i t y  requi rements  of t h e  Space S h u t t l e  w i l l  re- 
q u i r e  weight  and performance c o n t r o l s  f a r  more s t r i n g e n t  
t h a n  w e r e  necessary  t o  develop t h e  Sa tu rn  V launch v e h i c l e .  

Although t h e  impact of t e c h n o l o g i c a l  r i s k  on develop- 
ment program cost ,  schedule  and o p e r a t i o n a l  e f f e c t i v e n e s s  i s  
d i f f i c u l t  t o  assess a t  t h i s  t i m e ,  some g e n e r a l  remarks can be  
made concerning t h e  major development a c t i v i t i e s  necessary  t o  
t h e  Space S h u t t l e  development. 

TECHNOLOGY AREAS 

The NASA Space S h u t t l e  Technology Group has  i d e n t i f i e d  
t h e  fo l lowing  s i x  major technology a r e a s  as essent ia l  t o  ach iev ing  
t h e  o b j e c t i v e s  of t h e  Space S h u t t l e  program. 

1. Aerodynamics and Thermodynamics 

2 .  Dynamics and A e r o e l a s t i c i t y  

3 .  S t r u c t u r e s  and Mate r i a l s  

4 .  Propuls ion  

5. I n t e g r a t e d  E l e c t r o n i c s  

6 .  Human Factors and L i fe  Support  

Some of t h e  Space S h u t t l e  o b j e c t i v e s  are t a b u l a t e d  
i n  F igu re  2 w i th  t h e  technology a r e a s  having major i n f l u e n c e  
i n d i c a t e d  wi th  darkened squares .  The q u a l i t a t i v e  i n f l u e n c e  
of t h e  technology areas on Space S h u t t l e  o b j e c t i v e s  i l l u s t r a t e d  
i n  F igu re  2 w i l l  be  expanded somewhat i n  t h e  fo l lowing  d i s -  
c u s s i o n  i n  o r d e r  t o  p o i n t  o u t  some of t h e  i s s u e s  involved  i n  
ach iev ing  t h e  Space S h u t t l e  technology goa l s .  
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An e s t i m a t e d  technology program schedule  i s  p resen ted  
i n  F igu re  3 .  This  schedule  was taken  from Reference 3 and g i v e s  
some i d e a  of t h e  c l o s e  t iming  which i s  p r e s e n t l y  p r o j e c t e d  f o r  
t h e  Space S h u t t l e  program. Because very  l i t t l e  d i r e c t  technology 
work has  been s t a r t e d  s i n c e  t h i s  schedule  was p repa red  l a s t  June ,  
it should  be extended about  s i x  months. Also,  r e c e n t  a c t i v i t i e s  
of t h e  Space S h u t t l e  Technology Group i n d i c a t e  t h a t  t h e  S t r u c -  
t u r e s  and Materials a c t i v i t i e s  schedule  of Reference 3 i s  t o o  
o p t i m i s t i c  and should  be extended a t  l e a s t  through CY 1 9 7 2 .  

Although t h e  Space S h u t t l e  development i s  cons idered  
f e a s i b l e ,  t h e  t iming  i s  c l o s e  and t e c h n o l o g i c a l  r i s k  i s  h igh .  
I t  r e q u i r e s  t h a t  a cons ide rab le  amount of work be completed 
between now and c o n f i g u r a t i o n  f r e e z e .  Data gene ra t ed  on s m a l l  
models and appa ra tus  must be s c a l e d  by a s  much a s  one or t w o  
o r d e r s  of magnitude f o r  f u l l  scale use  o r  l a r g e  scale models 
and appa ra tus  w i l l  have t o  be  b u i l t .  I t  must be dec ided ,  t hen ,  
how c l o s e  t h e  R&D models should be t o  t h e  f i n i s h e d  a r t i c l e ,  o r  
should  t h e  models i n  f a c t  be pro to types .  

AERODYNAMICS AND THERMODYNAMICS 

The aerodynamic c o n f i g u r a t i o n  e v a l u a t i o n  and d e f i n i -  
t i o n  (both  a i r  loads  and thermal  l o a d s )  w i l l  have an  impact 
on t h e  o t h e r  technology areas, and i n  p a r t i c u l a r ,  on t h e  
Dynamics and A e r o e l a s t i c i t y  and t h e  S t r u c t u r e s  and Materials. 
The aerodynamics and thermodynamics w i l l  have t o  be e v a l u a t e d  
through t h e  e n t i r e  Mach number range from 0 t o  25 i n c l u d i n g  
t h e  two-body launch c o n f i g u r a t i o n  and s e p a r a t i o n  c o n d i t i o n s .  
Much of t h e  p r e s e n t  test  d a t a  genera ted  i n  wind t u n n e l s  on 
models approximately one t o  two f e e t  long ,  and t o  a l i m i t e d  
degree  v e r i f i e d  by f l i g h t  tests,  are n o t  d i r e c t l y  a p p l i c a b l e  
t o  t h e  Space S h u t t l e .  O r b i t a l  and nea r  o r b i t a l  v e l o c i t y  
f l i g h t  test  d a t a  w e r e  ob ta ined  on t h e  8 and 6 f o o t  long  P r i m e  
and A s s e t  v e h i c l e s ;  l o w  hypersonic ,  t r a n s o n i c  and subson ic  
d a t a  w e r e  ob ta ined  on t h e  55 foo t  long X-15; and subson ic  
and t r a n s o n i c  d a t a  w e r e  (and  a r e  be ing )  ob ta ined  on t h e  2 2  
t o  2 4  f o o t  M2-F2, HL-10, and X-24 l i f t i n g  body v e h i c l e s .  The 
d i f f e r e n t  c o n f i g u r a t i o n s  proposed f o r  t h e  Space S h u t t l e  as 
w e l l  as t h e  larger v e h i c l e  s i z e  ( b o o s t e r  over  200 f e e t ,  or-  
b i t e r  over  150  f e e t )  compared t o  t h e s e  o t h e r  aerospace  v e h i c l e s  
w i l l  n e c e s s i t a t e  e x t e n s i v e  t e s t i n g  t o  e s t a b l i s h  des ign  c r i t e r i a .  
A s  an example, a l though Newtonian theo ry  w o r k s  q u i t e  w e l l  hyper- 
s o n i c a l l y  a t  t h e  lower a l t i t u d e s ,  t h e  v i scous  e f f e c t s  a t  low 
Reynolds number d u r i n g  i n i t i a l  e n t r y  w i l l  reduce L/D. This  
r educ t ion  i n  L/D would be lower f o r  t h e  l a r g e r  v e h i c l e  than  
a smaller model. I n  a d d i t i o n ,  t h e  e f f e c t s  of t h e  boundary 
l a y e r  s t a t e  and flow s e p a r a t i o n  would e f g e c t  t h e  aerodynamic 
h e a t i n g  a s  w e l l  a s  change t h e  v e h i c l e  t r i m  and c o n t r o l  
e f f e c t i v e n e s s ,  depending on v e h i c l e  s i z e .  
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During t h e  a s c e n t  phase of t h e  miss ion ,  t h e  ob l ique  
shocks gene ra t ed  by t h e  va r ious  elements  of t h e  t w o  v e h i c l e s  
w i l l  i n t e rac t  and impinge upon s u r f a c e s ,  g e n e r a t i n g  l o c a l i z e d  
h o t  s p o t s  and r e q u i r i n g  inc reased  thermal  p r o t e c t i o n  weight .  
This  e f fec t  is  p a r t i c u l a r l y  important  a t  t h e  h igh  dynamic 
p r e s s u r e s  expected du r ing  t h e  planned a s c e n t  t r a j e c t o r y  which 
has  a 4 5  nm i n j e c t i o n  a l t i t u d e .  The dynamic p r e s s u r e s  ranging  
from 20 t o  5 0  ps f  a t  p a r a l l e l  s t a g e  s e p a r a t i o n  w i l l  a l s o  r e q u i r e  
e x t e n s i v e  d a t a  c o l l e c t i o n  f o r  s t a b i l i t y  and c o n t r o l .  Some 
e a r l y  t e s t i n g  a t  t h e  Langley Research C e n t e r  (Reference 4 )  
i n d i c a t e d  adverse  c o n d i t i o n s  when p a r a l l e l  s t a g e d  v e h i c l e s  
are s e p a r a t e d .  The o r b i t e r  l i f t  curve  s l o p e  t ends  toward 
z e r o ,  and an induced n e g a t i v e  p i t c h i n g  moment on t h e  o r b i t e r  
could  r e q u i r e  a s e p a r a t i o n  propuls ion  system or a l a r g e  sep- 
a r a t i o n  mechanism. Act ive  RCS might be r e q u i r e d  t o  l i m i t  
d i sp lacement  excur s ions  du r ing  s t a g e  s e p a r a t i o n  as w e l l  as 
d u r i n g  r e e n t r y  where margina l  s t a b i l i t y  and l o w  aerodynamic 
damping r e q u i r e  s t a b i l i t y  augmentation. RCS s i z i n g  can be 
q u i t e  s e n s i t i v e  t o  t h e s e  vary ing  requi rements  and might have 
t o  be  cons ide rab ly  ove r s i zed  pending f i r m  des ign  requi rements .  

The subson ic  c h a r a c t e r i s t i c s  of bo th  t h e  o r b i t e r  
and b o o s t e r  w i l l  have t o  be a compromise between d e s i r e d  
l a n d i n g  requirements  and payload p e n a l t y ,  w i th  c o n s i d e r a t i o n  
t o  sys tem complexity.  
f o r  t h e  l o w  speed o p e r a t i o n s  s i n c e  h igh  L/D reduces t h e  g l i d e  
slope as w e l l  as p r o p e l l a n t  weight and engine  s i z e  f o r  c r u i s e  
and l and ing  a b o r t  go-around, w h i l e  high CL reduces t h e  approach 

and l and ing  v e l o c i t y .  
body shaping ,  l i f t i n g  s u r f a c e s  ( e .g .  wings) and augmentation 
d e v i c e s  (e .g .  f l a p s ) ,  t h e  payload t o  o r b i t  i s  reduced i f  h igh  
L/D and CL are r e q u i r e d  f o r  c r u i s e ,  slow speed l and ing  and 
go-around. However, w i thou t  t h e s e  subsonic  c h a r a c t e r i s t i c s  
a i r p l a c e  t y p e  f l i g h t  t e s t i n g  would be c u r t a i l e d .  

High va lues  of L/D and CL are impor tan t  

S ince  high v a l u e s  of L /D and CL r e q u i r e  

Subsonic f l i g h t  i s  also e f f e c t e d  by s u r f a c e  roughness.  
Recent wind t u n n e l  tests a t  t h e  Ames Research Center  (Reference 
5 )  i n d i c a t e  s i g n i f i c a n t  r educ t ion  i n  L/D and Cm a s  w e l l  a s  a 
change i n  t r i m  f o r  an X-24 l i f t i n g  body wi th  a s imula t ed  honeycomb 
r e i n f o r c e d  cha r red  a b l a t i v e  s u r f a c e .  These e f f e c t s  would have t o  
be cons ide red  i f  an a b l a t o r  i s  used as an i n t e r i m  o r  a l t e r n a t i v e  
t o  a r a d i a t i v e  h e a t  p r o t e c t i o n  system. 

a 
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DYNAMICS AND AEROELASTICITY 

The same g e n e r a l  comments can be made f o r  t h i s  
technology area as f o r  Aerodynamics, s i n c e  t h e  aerodynamics 
are t h e  s i g n i f i c a n t  f o r c i n g  f u n c t i o n s  of  t h e  v e h i c l e  dynamic 
response .  However, t h e  vehicle  m a s s ,  m a s s  d i s t r i b u t i o n ,  and 
s t r u c t u r a l  s t i f f n e s s  i n t r o d u c e  a d d i t i o n a l  dimensions t o  t h e  
problem. N o t  on ly  are aerodynamic parameter  s i m u l a t i o n s  
r e q u i r e d ,  b u t  m a s s  and m a t e r i a l  s c a l i n g  i s  necessa ry  as w e l l .  
The d e s i g n  w i l l  be dependent upon t es t  and e v a l u a t i o n  o f  
d i f f e r e n t  v e h i c l e  c o n f i g u r a t i o n s ,  materials,  and s t r u c t u r a l  
t echn iques .  

Noise and v i b r a t i o n  data  from t h e  b o o s t  eng ines  
can be p r e d i c t e d  t o  s o m e  e x t e n t  based  on p rev ious  e x p e r i e n c e  
ga ined  on l a r g e  launch systems,  b u t  a i r  n o i s e  and uns teady  
a i r  f l o w  d u r i n g  a s c e n t  and descen t  w i l l  r e q u i r e  d e t a i l e d  
t e s t i n g .  A e r o e l a s t i c  e f f e c t s  caus ing  f l u t t e r  and conf igu ra -  
t i o n  d i s t o r t i o n s  w i l l  depend on s t r u c t u r a l  s t i f f n e s s  and 
methods of j o i n i n g  s k i n  pane ls .  The e f f e c t  w i l l  be p a r t i c u -  
l a r l y  s i g n i f i c a n t  f o r  c a n t i l e v e r e d  e lements  such as s t a b i l i z i n g  
s u r f a c e s ,  c o n t r o l  s u r f a c e s ,  and l i f t i n g  s u r f a c e s .  S c a l i n g  wind 
t u n n e l  and o t h e r  tes t  d a t a  one o r  t w o  o r d e r s  of  magnitude can 
i n t r o d u c e  c o n s i d e r a b l e  r i s k .  I t  i s  n o t  known, however, how 
much m o r e  r i s k  i s  involved  i n  s c a l i n g  two o r d e r s  o f  magnitude 
as compared t o  one. 

STRUCTURES AND MATERIALS - 
S i n c e  t h e  payload d e l i v e r i n g  c a p a b i l i t y  of  t h e  

Space S h u t t l e  w i l l  be  ve ry  s e n s i t i v e  t o  i n e r t  we igh t ,  t h i s  
area of technology w i l l  b e  p a r t i c u l a r l y  s i g n i f i c a n t .  The 
c o n v e n t i o n a l  methods of  a i r c r a f t  c o n s t r u c t i o n  u s i n g  aluminum 
a l loys ,  s teel  and t i t a n i u m  a l l o y s  might  n o t  p r o v i d e  s u f f i c i e n t  
payload  margin.  N e w ,  and somewhat e x o t i c ,  composite materials 
and s t r u c t u r a l  t echn iques  may be r e q u i r e d  t o  reduce  s t r u c t u r a l  
we igh t  t o  a minimum. L i m i t e d  a p p l i c a t i o n s  of  boron composi te  
mater ia l  f o r  a i r c r a f t  s t r u c t u r e s  have i n d i c a t e d  p o t e n t i a l  
w e i g h t  s av ings  of  from 2 5  t o  50% (Reference 61, b u t  w i t h  i n -  
creased complexi ty  and cost  of f a b r i c a t i o n .  Ex tens ive  use  of  
t h i s  or o t h e r  composi tes  on t h e  Space S h u t t l e  could  r e q u i r e  
t h e  development of new manufactur ing p r o c e s s e s  and a i r f r a m e  
assembly procedures .  An a l t e r n a t i v e  approach b e i n g  s t u d i e d  
by AVCO (Reference 7 )  i n  which aluminum channe l s ,  T ' s  and 1's 
are r e i n f o r c e d  by i n s e r t i n g  composite e lements  w i t h i n  t h e  
aluminum may a l low t h e  u s e  of conven t iona l  assembly t echn iques .  
F u r t h e r  e v a l u a t i o n  of t h e  a p p l i c a t i o n  of  composite mater ia ls  
t o  t h e  Space S h u t t l e  i s  necessary .  
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The i n t e r f a c e  of t h e  main load  c a r r y i n g  s t r u c t u r e  and 
t h e  thermal  p r o t e c t i o n  system a l s o  r e q u i r e s  e x t e n s i v e  a n a l y s i s .  
The s e l e c t i o n  of materials f o r  t h e  Space S h u t t l e  w i l l  depend 
on whether t h e  load  s t r u c t u r e  can be h o t  and how h o t .  The 
ho t  s t r u c t u r e  approach of u t i l i z i n g  t h e  load  s t r u c t u r e  as a 
h e a t  s h i e l d  and i n s u l a t i n g  t h e . i n s i d e  face of t h e  load  s t r u c t u r e  
h a s  been demonstrated on t h e  6 f o o t  ASSET v e h i c l e  and a 6 f o o t  
s e c t i o n  of a concep tua l  aerospace p lane  des ign  (ASCEP) u s i n g  
columbium, tan ta lum and s u p e r a l l o y s  (Reference 8 ) .  These 
demonst ra t ions  i n d i c a t e  t h a t  t h e  i n t e g r a l  h o t  s t r u c t u r e  i s  
f e a s i b l e  and can save  s t r u c t u r a l  weight ,  a l though forming 
v a r i o u s  shapes t o  wi ths t and  t h e r m a l  stress, a s  w e l l  a s  t h e  
s t r u c t u r a l  a n a l y s e s ,  can be very d i f f i c u l t .  I n  a d d i t i o n ,  
t h e  h o t  s t r u c t u r e  approach does n o t  lend  i t s e l f  t o  t h e  u s e  of 
a b l a t i v e  pane l s  f o r  i n t e r i m  and a l t e r n a t i v e  use.  S i l i c a  
elastomeric sp ray  s imi l a r  t o  w h a t  w a s  used on t h e  X - 1 5 ,  how- 
e v e r  might be a p p l i c a b l e .  

The a l t e r n a t i v e  approach of a c o o l  l oad  s t r u c t u r e  
and s tand-of f  h e a t  s h i e l d  s i m p l i f i e s  many of t h e  problems b u t  
p o t e n t i a l l y  has  t h e  h i g h e s t  weight.  The load  s t r u c t u r e  can 
be opt imized a t  l o w  temperatures  t o  o b t a i n  h igh  m a t e r i a l  
s t r e n g t h  and minimum thermal  stress. The h e a t  s h i e l d  can be 
opt imized f o r  h e a t  r e j e c t i o n  a t  t h e  expec ted  tempera ture  range.  
Furthermore,  t h i s  approach permi ts  f a b r i c a t i o n  of f l a t  pane l s  
and r e l a t i v e l y  s imple  shapes.  

The h igh  temperature  m a t e r i a l s  a v a i l a b l e  f o r  t h e  
h e a t s h i e l d  t end  t o  f a l l  i n t o  temperature  ranges a s  fo l lows:  

3000°F--A 
1 

Tantalum 

2400°F-- 
'5 

Columbium, L I  - 15  0 0 

2200°F- - 
J 

T D N i C r  

1 8 0 0 O F-- e 
Supera l loys  
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There are a r e l a t i v e l y  l a r g e  number of s u p e r a l l o y s  avai lable  
f o r  h e a t s h i e l d  use  below 1800°F, b u t  t h e  mater ia l  s e l e c t i o n  
i s  v e r y  l i m i t e d  above 1800'F. A major c o n s i d e r a t i o n  f o r  
s e l e c t i n g  h e a t  s h i e l d  materials i s  t h e  requi rement  f o r  m u l t i p l e  
r e u s e .  Although a l l  t h e s e  mater ia ls  have been t e s t e d  f o r  
p h y s i c a l  p r o p e r t i e s  i n  t h e  tempera ture  r anges  i n d i c a t e d ,  how 
m u l t i p l e  r e u s e  of  t h e  materials can be  t e s t e d  and gua ran teed  
f o r  t h e  Space S h u t t l e  h a s  y e t  t o  be de termined .  One of t h e  
major  concerns  is  t h a t  t h e  s c a l i n g  of data  o b t a i n e d  on s m a l l  
t e s t  coupons h a s  been u n r e l i a b l e  i n  s o m e  cases i n  t h e  p a s t .  

Columbium and tan ta lum r e q u i r e  o x i d a t i o n  r e s i s t a n t  
c o a t i n g s  which a l so  must be r e u s a b l e ,  s i n c e  c o a t i n g  r e p l a c e -  
ment o r  r e fu rb i shmen t  would be more complex t h a n  changing 
t h e  a b l a t o r  p a n e l s .  For t h e  same gage p a n e l ,  t a n t a l u m  i s  
t w i c e  t h e  we igh t  of  columbium so t h a t  columbium would be  
d e s i r a b l e  up t o  2400'F. However, depending on t h e  a l l o y  of  
columbium, unacceptab ly  large h igh  t empera tu re  c r e e p  might 
occur  which would warp t h e  s u r f a c e  as w e l l  as degrade  t h e  
c o a t i n g .  Unfo r tuna te ly ,  an optimum columbium a l l o y  has  n o t  
y e t  been found f o r  Space S h u t t l e  work and t h e r e  might  n o t  
be  s u f f i c i e n t  t i m e  f o r  i t s  development, so  t h a t  an  e x i s t i n g  
a l l o y  w i t h  l i m i t e d  r e u s e  c a p a b i l i t y  would have t o  be  used. 
An a l t e r n a t e  t o  columbium is  a compacted s i l i c a  f i b e r  mater ia l  
(LI -1500  and HCF as examples) which acts as an e x t e r n a l  i n -  
s u l a t o r  and t o  some e x t e n t  (as y e t  undetermined) an  ove rhea t  
a b l a t o r .  Whereas columbium has c r e e p  t e n d e n c i e s ,  t h i s  material  
has  s h r i n k  t e n d e n c i e s  depending on how it i s  cu red  (Reference 9 ) .  

Various d i b o r i d e  composites ( Z r B 2  +--- ) have been 
developed by Man Labs, I n c .  (Reference 10) f o r  m u l t i p l e  r e u s e  
a t  t empera tu res  as h igh  as 5000'F. These materials,  however, 
are b r i t t l e  a t  low tempera tures  and cou ld  r e q u i r e  hand l ing  
s imi l a r  t o  glass.  The d i b o r i d e  materials are p r e s e n t l y  only  
b e i n g  f a b r i c a t e d  and t e s t e d  i n  3 i n c h  r a d i u s  s i z e s ,  which 
a g a i n  would i n v o l v e  t h e  q u e s t i o n  of  s c a l i n g .  

T D - N i - C r  i s  be ing  f a b r i c a t e d  by F a n s t e e l ,  I n c .  i n  
20 m i l  gage p a n e l s  as l a r g e  as 2 f e e t  by 4 fee t ,  (Reference 11). 
Th i s  mater ia l  h o l d s  promise up t o  2200OF s i n c e  it resists 
o x i d a t i o n  w i t h o u t  t h e  need f o r  c o a t i n g s .  T D - N i - C r  p r e s e n t l y  
h a s  t h e  o p p o s i t e  problem of columbium, namely embr i t t l emen t  a t  
2200°F. P h y s i c a l  p r o p e r t y  improvement, 1 0  t o  1 2  m i l  gage,  and 
large scale p roduc t ion  are r e q u i r e d  f o r  t h e  Space S h u t t l e  
a p p l i c a t i o n s .  

The h igh  tempera ture  i n s u l a t i o n  material  s e l e c t i o n  
s e e m s  t o  be l i m i t e d  t o  Micro-Quartz up t o  165OoF, Dyna-Flex 
up t o  about  2800OF and Zi-conia f e l t  above 2800°F, (Reference 
1 2 ) .  The combination of  h igh  tempera ture  and h igh  n o i s e  
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l e v e l s  from t h e  a i r  flow causes  deg rada t ion  of m o s t  h igh  
e f f i c i e n c y ,  l o w  d e n s i t y  i n s u l a t i o n  materials.  Micro-Quartz 
can b e  made i n  d e n s i t i e s  of 3-6 p c f ,  Dyna-Flex i n  d e n s i t i e s  
of 8-10 pcf and Z i rcon ia  f e l t  i n  d e n s i t i e s  of 1 4 - 6 3  pcf .  
Again, t h e  p r i c e  of t h e  more seve re  environment i s  reduced pay- 
load  kf  h igh  e f f i c i e n c y  l o w  weight i n s u l a t i o n  cannot  be developed. 

PROPULSION 

The main p ropu l s ion  system w i l l  r e q u i r e  t h e  develop- 
ment of a l a r g e  ( 4 0 0 , 0 0 0  pounds t h r u s t  o r  g r e a t e r )  r e s t a r t a b l e  
and mul t i - r eusab le  LOX-hydrogen engine .  I n  o r d e r  t o  achieve  
h i g h e r  performance than  any previous LOX-hydrogen system, t h e  
engine ,  as concep tua l ly  planned, w i l l  o p e r a t e  a t  a chamber 
p r e s s u r e  of approximately 3000 p s i  and have an ex tendab le ,  
two p o s i t i o n  b e l l  nozz le  f o r  a l t i t u d e  compensation. Whether 
a s i n g l e  engine  s i z e  w i l l  be s a t i s f a c t o r y  f o r  bo th  t h e  b o o s t e r  
and t h e  o r b i t e r ,  o r  two d i f f e r e n t  s i z e s  are r e q u i r e d  w i l l  
e n t a i l  f u r t h e r  a n a l y s i s .  T o o  l a r g e  an engine  i n  t h e  o r b i t e r  
d e t r a c t s  d i r e c t l y  from t h e  payload wh i l e  t o o  s m a l l  an engine  
i n  t h e  b o o s t e r  r e q u i r e s  a l a rge  number of engines  and t h e r e f o r e  
compl ica tes  t h e  plumbing and increases t h e  base  area. 

The s e n s i t i v i t y  of t h e  engine  performance t o  mixture  
r a t i o  w i l l  have t o  be w e l l  understood b e f o r e  t h e  b o o s t e r  and 
o r b i t e r  v e h i c l e  s i z e s  a r e  f ixed .  The reduced s p e c i f i c  impulse 
of t h e  engine  a t  h igh  mixture  r a t i o s  must be ba lanced  a g a i n s t  
t h e  l a r g e r  hydrogen tankage r equ i r ed  a t  t h e  lower mixture  
r a t io s  b e f o r e  t h e  v e h i c l e  design can be f rozen .  

INTEGRATED AVIONICS 

The a v i o n i c s  system technology e f f o r t s  can be s e p a r a t e d  
i n t o  f i v e  c l o s e l y  coupled a reas  of i n v e s t i g a t i o n :  

1. 

2. 

3 .  

4 .  

5. 

Vehic le  Cont ro l  and Operat ions ( G & N ,  F l i g h t  
Con t ro l ,  Communications) 

Systems Checkout and Diagnos t i c s  

Informat ion  Management and Display 

Power and Power D i s t r i b u t i o n  

Systems R e l i a b i l i t y  and Maintenance 
(MTBF and r e p a i r )  
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The a v i o n i c s  systems w i l l  perform a m u l t i t u d e  of 
f u n c t i o n s  and be a c t i v e l y  involved i n  every  o p e r a t i o n  on t h e  
Space S h u t t l e .  I t  w i l l  be  e s s e n t i a l  t o  t h e  autonomous opera- 
t i o n  of t h e  s h u t t l e  and r e q u i r e  a minimum of c r e w  d i s p l a y s .  
Although t h e  a v i o n i c s  w i l l  t y p i c a l l y  r e p r e s e n t  less than  4 %  
of t h e  o r b i t e r  s t a g e  i n e r t  weight ,  i t s  weight  i s  o f  t h e  o r d e r  
of o n e - f i f t h  t o  one- four th  t h a t  of t h e  payload i t s e l f  and 
t h e r e f o r e  w i l l  c e r t a i n l y  be an impor t an t  c o n s i d e r a t i o n .  

The development cost  of t h e  a v i o n i c s  system f o r  recent 
h igh  performance a i r c r a f t  h a s  averaged n e a r l y  50% of t h e  t o t a l  
development c o s t .  With a p r i c e  t a g  of over  5 b i l l i o n  d o l l a r s  f o r  
t h e  Space S h u t t l e  development program, t h e  a v i o n i c s  systems 
cost w i l l  be  h igh .  I n  a d d i t i o n ,  t h e  e x t e n t  t o  which t h e  
a v i o n i c s  system can be  used f o r  onboard checkout  and m a l -  
f u n c t i o n  d i a g n o s t i c s ,  t h e  component mean t i m e  between f a i l u r e s ,  
and t h e  component a c c e s s i b i l i t y  f o r  maintenance, w i l l  have a 
major e f f e c t  on t h e  Space S h u t t l e  o p e r a t i o n s  cost. 

The Space S h u t t l e  i n t e g r a t e d  a v i o n i c s  system a s  
c u r r e n t l y  conceived w i l l  r e l y  h e a v i l y  on computer c o n t r o l  and 
d a t a  s t o r a g e .  The e x t e n t  t o  which t h e  v a r i o u s  a v i o n i c s  systems 
can b e  i n t e g r a t e d  w i l l  depend on t h e  development of  a c e n t r a l  
m u l t i p r o c e s s o r  and h igh  t r a f f i c  ra te  d a t a  bus network. The 
d a t a  bus network would t i e  t h e  e n t i r e  a v i o n i c s  system t o g e t h e r  
f o r  computa t iona l  s e r v i c e s ,  malfunct ion d e t e c t i o n  and d iag-  
n o s t i c s .  
r e s o l v e  such i s s u e s  as t h e  t r a d e o f f  between component redundancy 
and t h e  development of new high r e l i a b i l i t y ,  long l i f e  systems. 
I n  a d d i t i o n ,  component malfunct ion c r i te r ia  and c o r r e c t i v e  a c t i o n  
s t r a t e g i e s  w i l l  have t o  be e s t a b l i s h e d  f o r  a l l  t h e  subsystems. 

S u b s t a n t i a l  des ign  a n a l y s i s  w i l l  be  r e q u i r e d  t o  

HUMAN FACTORS AND LIFE SUPPORT 

The primary impact of men i n  t h e  Space S h u t t l e  w i l l  
be  t h e  requirement  f o r  t h e  p r e s e r v a t i o n  of a h igh  p r o b a b i l i t y  
of s u r v i v a l  through each mission from t h e  maiden f l i g h t  t o  t h e  
f i n a l  f l i g h t  of each s h u t t l e  v e h i c l e .  Degradation of systems 
and components e f f e c t i n g  s u r v i v a l  must be d e t e c t a b l e  so t h a t  
c o r r e c t i v e  a c t i o n  can be t aken ,  and s u f f i c i e n t  redundancy must 
be  provided t o  back-up f a i l u r e s  which exceed a c c e p t a b l e  occur- 
r ence  p r o b a b i l i t i e s .  I f  h igh  r e l i a b i l i t y  cannot  be  c o n t i n u a l l y  
main ta ined  t o  t h e  l e v e l s  of ei ther m i l i t a r y  attack a i r c r a f t  
o r  commercial a i r l i n e s  ( i n  one case c r e w  back-up escape  systems 
a r e  provided ,  i n  t h e  o ther  they are n o t ) ,  a b o r t  c a p a b i l i t y  w i l l  
be  r e q u i r e d .  I n t a c t  a b o r t  o r  crew escape  from any p o i n t  i n  t h e  
miss ion  could impose excess ive  p e n a l t i e s .  
d e s i g n s ,  du r ing  t h e  f i r s t  t e n  seconds o r  s o  a f t e r  launch,  there i s  
n o t  s u f f i c i e n t  t i m e  t o  s t a r t  t h e  o r b i t e r  engines  t o  s e p a r a t e  from 

For example, wi th  p r e s e n t  
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t h e  b o o s t e r .  
r o c k e t s  would cost a t  least  15,000 pounds of payload* t o  
say  n o t h i n g  of  t h e  impact o f  such a system on t h e  s h u t t l e  
des ign .  

The a d d i t i o n  of  an e scape  c a p s u l e  and e scape  

w i l l  have 

1. 

2. 

3 .  

4 .  

Some of t h e  o t h e r  a s p e c t s  o f  human f a c t o r s  t h a t  
t o  be i n v e s t i g a t e d  a re :  

The l i f e  s u p p o r t  systems i n c l u d i n g  w a s t e  
management and C 0 2  removal ( t h e s e  might  b e  

s c a l e d  up v e r s i o n s  of t h e  Apollo Sys tem);  

The c r e w  s i z e  f o r  command and c o n t r o l  as 
w e l l  as o p e r a t i o n s  suppor t ,  and t h e  crew 
compartment s i z e  c o n s i d e r i n g  e i t h e r  t h e  
i n c l u s i o n  of  passengers  o r  a s e p a r a t e  
module: 

P h y s i c a l  s t r a i n  on passengers  due t o  t h e  
a s c e n t  a c c e l e r a t i o n s ,  v i b r a t i o n s ,  i n g r e s s  
and e g r e s s  procedures ;  

The e x t e n t  t o  which t h e  c r e w  w i l l  c o n t r o l  
t h e  v e h i c l e  f r o m  l i f t - o f f  t o  l a n d i n g  and 
t h e  impact on t h e  v e h i c l e  response  and 
l a n d i n g  c h a r a c t e r i s t i c s .  

f 

1013-DEC-kle 

i ,  Y ', 

D. E .  Cassidy 
. .  r .. - 

*Est imat ion  based on  t h e  1 2  man Big G ,  Reference 13. 



BELLCOMM, I N C .  

REFERENCES 

1. NASA Space S h u t t l e  Task Group Report ,  Volume E I11 Veh ic l e  
C o n f i g u r a t i o n s ,  June  1 2 ,  1969  (Rev i sed ) .  

2 .  Cass idy ,  D.  E . ,  "Space S h u t t l e  Development w i t h  B u i l t - i n  

3 .  

Contingency,"  Bellcomm Memo f o r  F i l e ,  September 30, 1969. 

NASA Space S h u t t l e  Task Group Technology Program P lan ,  
June  2 6 ,  1969. 

4 .  Decker, John P . ,  and P.  Kenneth P i e r p o n t ,  "Aerodynamic 
S e p a r a t i o n  C h a r a c t e r i s t i c s  of  Conceptual  Para l le l -  - 
StaGed Reusable Launch Vehicle  a t  Mach 3 t o  6 , "  Langley 
Research Cen te r ,  January  1965. 

5. P y l e ,  Jon  S . ,  and Lawrence C. Montoya, "Effects  of Rough- 
n e s s  of Simula ted  Oblated Material on Low-Speed Performance 
C h a r a c t e r i s t i c s  of a L i f t i n g  Body-Vehicle (U)," CONFIDENTIAL, 
NASA TMX-1810, F l i g h t  Research Cen te r ,  J u l y  1969. 

6. Forest, J. D. ,  and J. S. C h r i s t i a n ,  "Development and 
A p p l i c a t i o n  of Aluminum - Boron Composite Material," GD/ 
Convai r ,  Paper  68-975, AIAA, 5 t h  Annual Meeting and Techn ica l  
Disp lay ,  P h i l a d e l p h i a ,  October 21-24,  1968. 

7.  N o t e  on Composite Reinforced S t r u c t u r e s ,  Avco Applied 
Technology Div i s ion .  

8.  Norton,  A l l an  M. ,  "Advanced S t r u c t u r a l  Concepts Experimental  
Program P r o j e c t  ASCEP," Mart in-Mariet ta  Corp., June  1968. 

9 .  Cass idy ,  D. E . ,  and Ong, C. C . ,  " T r i p  Report  - Discuss  S t a g e  
and One-Half Launch System S t u d i e s  a t  Lockheed," Bellcomm 
M e m o  f o r  F i l e ,  February 4 ,  1969 .  

1 0 .  Kaufman, Lar ry ,  and Harvey Nesor, " S t a b i l i t y  C h a r a c t e r i z a t i o n  . 

of Ref rac to ry  Materials Under High Ve loc i ty  Atmospheric F l i g h t  
Cond i t ions ,  Man Labs, Inc . ,  February 1969. 

11. " T D N i C r ,  A D i spe r s ion  S t rengthened  Al loy , "  B u l l e t i n  TD-007-2, 
F a n s t e e l ,  I n c . ,  Metals Div is ion .  

1 2 .  D i scuss ion  w i t h  McDonnell-Douglas pe r sonne l .  

13.  L o g i s t i c  S p a c e c r a f t  System Evolving from Gemini, B i g  G F i n a l  
D r a l  B r i e f i n g ,  McDonnell-Douglas Report  H322, J u l y  31, 1969. 



9 
03 

I I I 1 I I 
9 
W 

9 
d 

3SlndWl31d133dS NI 3BNWH3 lN33H3d 
/aWOlAWd NI 3BNWH3 lN33L13d 

3 
0 

I- 
I 
E 
Y 
I- 
K 
W z 
z 
W 
(3 z 
I 
0 

a 

I- 

u $ 

a 
I 
0 
c z 
w u 
K 
W n 

s- 

w 
K 
53 
I? 
LL 



t 

v) 
W 

I- u 
W 

0 
z 

2 

2 

2 
2 
I 
a z a 
v) 

K 

> 
0 

0 z 
I 
0 
W 
I- 

v) 

2 

s 
a 



i 

ED n 

W 
A 
3 

I 

> 
Q 

0 z 
I 
0 
W c 
0 
W 
K 
3 

L L  

e 
% 

s 

!2 



BELLCOMM. I N C .  

S u b j e c t :  Some Space S h u t t l e  Technology 
C o n s i d e r a t i o n s  - Case 105-3 From: D. E.  Cass idy  

D i s t r i b u t i o n  List 

Complete Memorandum t o  Abstract Only t o  

NASA Headquar t e r s  B e l l c o m m  

J. R. Burke/MTV 
L. E. Day/MH 
C. J .  Donlan/MD-T 
G .  D. Ginter/RF 
E.  W.  H a l l / M T G  
R. C. Livingston/MTG 
D. R. Lord/MTD 
M. Malamut/MTG 
M.  F. Markey/MTG 
N .  G .  Peil/MH 
A. D. Schnyer/MTV 
W. A .  Summerfelt/MH 
A. 0. Tischler /RP 
M. G. Waugh/MTP 
J .  W .  Wild/MTE 

Bellcomm, Inc .  

A. P. Boysen 
D. R. Hagner 
B.  T.  Howard 
J. Z .  Menard 
M. P.  Wilson 
A l l  Members Divis ion 101 
C e n t r a l  F i l e s  
Department  1 0 2 4  F i l e  
L i b r a r y  

I .  M. Ross 
J .  W.  Timko 
R. L. Wagner 


